Scanning tunneling microscopy, positron annihilation and X-ray diraction were applied for the study of annealing of submicrocrystalline nickel prepared by equal channel angular pressing. Several processes were revealed in the structure of submicrocrystalline nickel on dierent scale levels during annealing in the range ∆T = (20 ÷ 360)
Scanning tunneling microscopy, positron annihilation and X-ray diraction were applied for the study of annealing of submicrocrystalline nickel prepared by equal channel angular pressing. Several processes were revealed in the structure of submicrocrystalline nickel on dierent scale levels during annealing in the range ∆T = (20 ÷ 360)
• C. A decrease of grain nonequiaxiality and further structure renement were observed with a temperature increase in the range ∆T = (20 ÷ 180) During SPD part of energy is accumulated as hierarchy of defects of dierent dimensions: boundaries of various types, dislocations, vacancies [1, 2] . To decrease the degree of non-equilibrium and to stabilize structure SMC materials are usually subjected to low-temperature annealing in order to prevent signicant grain growth and deterioration of mechanical properties [1] . Release of excess energy occurs during SMC materials heating via boundaries transformation, dislocations rearrangement and annihilation, and annealing of defects in bulk crystallites. Study of the processes is of great interest for understanding the role of various defects in the SMC materials properties formation during annealing. It requires several methods of grainsubgrain structure (GSS) and point defects study in SMC materials. This work aims at studying the GSS and vacancy-type defects evolution in SMC low-temperature annealed nickel using scanning * corresponding author; e-mail: kpv@ispms.tsc.ru tunneling microscopy (STM), positron annihilation (PA) and X-ray diraction (XRD).
Materials and methods
A nickel ingot of 99.998% purity was annealed at 500
• C during 1 h. The average grain size was about 45 µm. Samples GSS was studied using scanning tunnel microscope operating in constant current mode. STM data format was 300×300 pixels with 256 gradations in height.
The technique of GSS element sizes and grain boundaries energy estimation was described in detail in [3] .
XRD analysis of samples was performed with X-ray diractometer DRON-7 (NANOTECH of ISPMS SB RAS) with a Co K α source, using symmetric reection scheme without a monochromator. The coherentscattering region (CSR) size and microstrain values were derived from integral diraction peaks widths by using the WilliamsonHall method.
PA was studied by measuring positron lifetime spectra (PLS) and the Doppler broadening (DB) of annihilation (714) 715 line. PA spectrometers implemented in this work are described in detail in [4] . Therefore, analysis of the GSS element sizes at dierent scale levels allows one to reveal processes occurring in grain and subgrain structures with increasing temperature.
Typical patterns of the GSS at dierent scales in asprepared and annealed at =240
• C samples are shown at Fig. 1a ,b, respectively. One can see (Fig. 1b) that annealing at =240
• C leads to grain growth of SMC nickel. Histograms of GSS sizes distribution along and across rolling direction were obtained using STM data and described by lognormal function.
Corresponding dependence of average GSS sizes on temperature are shown in Fig. 2 . Several processes were identied in SMC nickel structure at dierent scale levels at the temperature ranges ∆T = (20÷360)
• C (Fig. 2a,b) .
In as-prepared samples average GSS sizes along rolling ( X L ) are greater than sizes across rolling ( X T ) (Fig. 2a) that indicates structure non-equiaxiality.
An increase in the annealing temperature up to 120 • C leads to lower non-equiaxiality of grains. Another process in the SMC nickel at the temperature range ∆T = (20 ÷ 180)
• C is grain renement up to average grain size D =(130170) nm (Fig. 2a) . We suppose that nonequiaxial grains, formed after ECAP and followed rolling (Fig. 1a) , On the lower scale level subgrain growth took place with a maximum at 120 • C (Fig. 2b ) that reduced the excess of crystals energy and correlated with the change of CSR sizes. The subgrain size decrease at T ≥ 180
• (Fig. 2b) is probably an apparent eect associated with SMC structure heterogeneity. The proximity of sizes
• to the appropriate ones for as-prepared samples (Fig. 2b ) might indicate that the subgrains were not transformed at annealing in certain sites of SMC structure due to the low value of the driving force associated with the dislocations distribution.
Annealing at T > 180
• C leads to grain growth (Fig. 2a) , which is directly observed by STM (Fig. 1b) . In addition, at T > 240 (Fig. 3a) , that corresponds to the lifetime of positrons trapped at dislocations in nickel [7] . The intensity I 2 of this component varies from 87 to 95% at ∆T = (60 ÷ 360)
• C (Fig. 3b) . annealing of SMC nickel produced by HPT was observed in [7] .
DB spectra of annihilation line allow studying electron momentum distribution [11] . Analysis of DB spectra of annihilation line involves S and W parameters corresponding to annihilation of positrons with valence and core electrons, respectively. Parameters S and W are dened as the ratio of annihilation events number in center/wings of distribution plot to the area of the annihilation peak 511 keV, respectively [11] . When positrons are trapped at vacancy defects the probability of their annihilation with valence electrons possessing low values of momentum increases, while the probability of annihilation with high momentum core electrons decreases.
This leads to growing S and decreasing W , which is also aected by chemical environment at the site of PA.
The parameters S and W depend on defect concentration as well as type [11] . Authors of Ref. [12] have suggested graphic method for determination of the defect parameter R, which does not depend on defect concentration, but is determined only by defect type. According to [12] , the incline of a straight line of the function S = f (W ) plotted using experimentally measured values of S d , W d for a series of samples yields the parameter value of R for the defect which is the dominant positron trap.
Thus, the change of an inclination of straight line S = f (W ) dependence means the change of the parameter R and a dominant positron trapping defect. (Fig. 4) . At ∆T = (180÷360)
• C, the growth rate of W -parameter decreases. W -parameter reached the maximum value in recrystallized samples (Fig. 4) . Positrons are trapped at vacancy in metal if average distance between them is smaller than mean free path of thermalized positrons [11] .
According to [7] , the mean positron diusion length in nickel at room temperature is l term = 150 nm. STM results of SMC nickel showed the subgrain growth within the limits of ∆l = (35 ÷ 60) nm at the temperature range ∆T = (20 ÷ 180)
• C (Fig. 2b) . Thus, the main positron traps with the component τ 2 = 165 ps of PLS in the temperature range ∆T = (20 ÷ 180)
• C (Fig. 3) are LAB. This also allows one to explain the growth of W -parameter, which testies chemical environment change at the site of positron annihilation (Fig. 5) . Apparently, LAB chemical composition alters due to entrainment of impurities from bulk crystallite during subgrain growth.
The component τ 2 = 150 ps and τ 3 = (230 ÷ 290) ps at the T >180 
